Plasma electrolytic oxidation ͑PEO͒ has attracted widespread attention owing to the simplicity of operation and the excellent properties of the formed coating. However, wider applications of PEO have been limited due to the high power consumption. This work describes the design and performance of a novel technique named shorter distance PEO ͑SD-PEO͒, which is intended for lowering the energy consumption. The key feature of the method is the application of grid cathode to eliminate the gaseous envelope effect and to block of the exchange of charge carries during SD-PEO process. Compared to PEO carried out at a normal electrode distance, e.g., 50 mm, both the voltage drop and the joule heat consumed in the electrolyte at a shorter distance, e.g., of 5 mm ͑SD-PEO͒ are relatively small. Consequently, the energy consumption rendered by the novel SD-PEO method may decrease by more than 25%. Our results reveal that SD-PEO is a low energy-consumption microarc oxidation technique with more potential in industry applications.
I. INTRODUCTION
Plasma electrolytic oxidation ͑PEO͒ is a relatively new surface treatment method to produce thick, hard, and adherent coatings on rectifying metals such as Al, Mg, Ti, Ta, Zr, Nb, etc., and their alloys.
1, 2 The coatings are formed by microarc discharges on the sample surface. During the process, numerous sparks are produced at high anodizing voltages and fabrication of a thick coating proceeds by continuous breakdown of the coating and replenishment of fresh materials at the sparked sites. 3 Hence, PEO is an anodizing process during which microdischarges generate dielectric breakdown of the anodic oxide film under high electric field and current. In addition, PEO typically produces H 2 , O 2 , light emission, and noise consumes much energy but has an energy efficiency of less than 30%. [4] [5] [6] Hence, wider applications of PEO have been hampered due to the high cost of commercial power supplies, high electrical power consumption, as well as chillers for electrolyte cooling. However, although there have been many investigations on the composition and structure of PEO coatings, there have been a few reports concerning the energy consumption, for instance, optimization of the electrolytes to increase the coating rate, 7, 8 reduction of the voltage by using more concentrated electrolytes, 9 use of special current regimes, 10, 11 hybrid PEO/ anodization process, 12 and so on. However, the surface properties of PEO ceramic layer are closely linked to the electrolyte and discharge condition. Consequently, the processing parameter is not always adjusted arbitrarily. Up to now there are few commercially available methods suitable for improving the energy efficiency. According to our previous investigation, 13 the location of the electrode affects the anode current but this work focused mainly on the shielding effect but the method how to modulate the anode current and then to improve the energy efficiency has not yet been studied. In this paper, a novel technique intended for lowering the anodizing voltage and thereby decreasing power consumption is proposed. The novelty of this method lies on the application of a grid cathode to implement the shorter distance PEO. Despite the grid electrode has been used for different areas such as electroplating, electrophoresis, vacuum discharge systems, particle acceleration technologies, etc. However, the application in the PEO process has not been reported. The objective of this work is to develop the PEO technique with low anodizing voltage and to reach higher energy efficiency.
II. DESIGN CONSIDERATIONS

A. PEO system
The PEO apparatus consisted of an electrolyte container, power supply, and cooling system as depicted in Fig. 1 . Commercial aluminum samples cut to 100 mmϫ 100 mm ϫ 0.5 mm were used as specimens and a #304 stainless steel plate or grid, of size 200 mmϫ 200 mm, was employed as the cathode. In order to keep the working area constant, only the front surface relative to the counter electrode was exposed to the electrolyte. An aqueous solution of 10 g l −1 sodium silicate with 2 g l −1 potassium hydroxide was used as the electrolyte. The electrolyte was circulated through the chamber-reservoir system while the temperature was cona͒ trolled not to exceed 30°C during the processes. The frequency and duty cycle of applied pulses were 500 Hz and 10%, respectively. The instantaneous voltages and currents were recorded by a digital oscilloscope.
B. Voltage drop across the electrolyte between two electrodes
To determine the voltage drop of electrolyte between anode sample and steel counter electrode, a stainless steel electric probe with diameter of 0.5 mm covered with an insulated layer was used. The length of the probe exposed to the outside was about 0.5 mm. The probe was located about 0.1 mm to aluminum anode surface. The schematic diagram of test electric circuit was shown in Fig. 1 . Referred to the cathode, the probe is able to directly determine the potential of the anode sample surface and the voltage drop across the electrolyte between the anode and cathode.
The dependence of the probe potential on the voltage applied to the anode relative to the cathode, obtained at electrode distance of 50 mm was shown in Fig. 2 . The potentialapplied voltage response is simply divided into tow regions: a relative stable region and a rapidly increasing region. At low voltage between electrodes, the voltage drop across the electrolyte maintains at relative low level ͑the ratio of the voltage drop to the voltage across the cell is less than 10%͒. However, once the voltage reaches up to ϳ350 V, the voltage drop of electrolyte exhibits sharp increasing. Simultaneously the rapid migrating discharges are visible accompanied by intensive gas evolution and low-frequency acoustic emission. The voltage corresponding to the appearance of sparks on the anode surface was defined as breakdown voltage.
1, 14 Thus the results presented here indicate that, when electrical breakdown starts to occur, the voltage drop across the electrolyte becomes substantial.
It has been suggested that, at the early stage of PEO, a thin oxide layer has been formed, appearing on the anode sample surface similar to conventional anodizing process. 15 At this period, the transfer of ions from the film/electrolyte interface to the substrate is difficult because of the high resistance of the density barrier layer. However, for normal PEO process, owing to the breakdown of the compact oxide film, a new unblocked route is provided to transfer ions through the films; 14 thus upon breakdowns of a former oxide coating, the active resistance decreases. 16, 17 Therefore, after the breakthrough of the initial oxide film, the voltage drop across the electrolyte becomes significant.
C. Reduction of electrode distance
To further disclose the effect of electrode distance on the voltage drop across the electrolyte, a preanodized sample with working area 100ϫ 100 mm was employed and the stainless steel plate was used as a cathode. As shown in Fig.  3 , when keeping the applied anodizing voltage constant ͑450 V͒, the electrode distance has a critical effect on the anodizing current. The anodizing current increases steady at the initial stage of the electrode distance decrease, and drop occurs once the electrode distance shortens to a certain value. Meanwhile, with the electrode distance further decreasing, the discharges become unstable by the characteristics of frequent current oscillation and even working interruption.
During PEO, the voltage is divided into that across the aqueous electrolyte U e and that across the coating U c . 18 Accordingly, the anodizing voltage depends on both the resistance R e of the electrolyte and resistance R c of the porous oxide layer. Owing to the sample has been preanodized, thus R c hardly changes within the short time for the manipulation of the cathode electrode during the experiments. Therefore, the increase in the anodizing current with shorter electrode distance decrease can be ascribed to diminishing R e . The resistance of the electrolyte between the anode and cathode can be expressed by the following equation:
where is the electrical conductivity of the electrolyte, d is the electrode distance, and s is the effective surface through which the charge carriers pass. In a given PEO system, and s are almost constant and so a much higher anodizing voltage is required in longer electrode distance PEO because of the larger voltage drop caused by the longer electrolyte path.
Hence, an anodizing current rise occurs at the beginning of the electrode decrease. However, what causes the decrease of the anodizing current when the electrode distance becomes too small? In practice, during anodizing processes, the exchange of the electrolyte is needed and the release of gas bubbles from both the anode and cathode surface inherently occurs. The reactions are as follows. 1, 14, 20, 21 At the anode,
At the cathode,
Accordingly, gas bubbles surely accumulate in the narrow region when the electrode distance becomes too small. Consequently the current may be limited by a partial shielding of gaseous reaction products ͑O 2 or H 2 ͒ over the electrode surfaces. In addition, the exchange of charge carries in the middle zone surrounded by the electrodes is blocked by the anode/cathode plate. Therefore, much part of the voltage across the cell is now consumed in this region. Consequently, the current-distance dependence shows initial rise and subsequent drop as electrode distance further decreases.
To eliminate the effect of gaseous envelope and the block of charge carrying during SD-PEO processes, a grid electrode with a wire diameter of 0.5 mm and structure size of 5 mm was utilized and this makes the electrolyte exchange and gas release possible. As expected, the knee point of the current-distance variation disappears ͑Fig. 4͒. The grid electrode ensures the sufficient exchange of the electrolyte and gas release and makes SD-PEO possible.
III. PERFORMANCE CHARACTERIZATIONS
A. Uniformity of coating thickness
In the anodizing process, the ions move mostly in accordance with the electric field, 22 but the grid electrode is in the way of the ions while they diffuse to the sample surface. Hence, the grid may cause a shadowing effect on the coating. In order to investigate the shadowing effect induced by the grid electrode, the thicknesses of the coatings at various locations were measured. The result was averaged based on at least 30 measurements by eddy current thickness meter. Figure 5 shows the variations in the coating thicknesses measured from the center to the edge of the sample anodized with grid cathode at the electrode distance of 5 mm. The thickness of the coating fabricated using a current density of 4 A/ dm 2 for 20 min is relatively uniform and the shadowing effect appears to be negligible. That is to say the grid cathode may be utilized to realize the SD-PEO processes.
B. Temperature of electrolyte
Considerable energy loss leading to electrolyte heating occurs during PEO process. 18, 23 The temperature of the elec- trolyte was measured to investigate the different heating effects resulting from different electrode distances. The size of the aluminum anode sample was 100 mmϫ 100 mm. The current density, frequency, and duty cycle were also set at 4 A/ dm 2 , 500 Hz and 10%, respectively. A shorter anodizing time of 10 min was employed to avoid excessive temperature rise in the electrolyte and it ensures hardly change in the electrical conductivity of the electrolyte. During the experiments, the initial electrolyte temperature was 20°C and the water cooling system was switch off. The experiments were performed at two electrode distances, d, of 50 mm ͑ND-PEO͒ and 5 mm ͑SD-PEO utilized by grid cathode͒. As shown in Fig. 6 , the electrolyte temperature increases irrespective of the electrode distance. However, the electrolyte temperature in SD-PEO is lower than that in ND-PEO. This means that the much electrical energy contributes to the heat energy in the electrolyte for the ND-PEO. This naturally decreases the energy efficiency of PEO processes.
C. Energy efficiency
To demonstrate the benefit of SD-PEO on the energy efficiency, different current densities of 3 A / dm 2 , 4 A/ dm 2 , 5 A/ dm 2 , and 6 A / dm 2 were used. As shown in Fig. 7͑a͒ , the anodizing voltage in ND-PEO is always higher than that in SD-PEO and more importantly, the deviation increases with the current density.
In general, the energy efficiency is not only determined by the electric parameters but also related to the coating growth kinetics. Therefore, the energy consumption can be evaluated by comparing the coating thickness and total power consumption using the following formula:
͑2͒
where Ū is the average anodizing voltage ͑V͒ in the corresponding anodizing process, I is the applied current density ͑A / dm 2 ͒, t is the oxidation treatment time ͑s͒, and h is the mean thickness ͑m͒ of the coating on the sample. The results are plotted in Fig. 7͑b͒ . The energy consumption decreases with increasing anodizing current densities for both PEO processes and it can be attributed to the different effects of the anodizing current on the formation dynamics. The growth rate of the coatings is almost proportional to the current density. However, the results regarding the variations of mean anodizing voltage with anodizing current density demonstrate the rate of voltage increase relatively gentle. 7, 24, 25 Consequently, as shown in Fig. 7͑b͒ , with current density increasing, the energy consumption decreases. It should be noted the energy consumption per unit coating volume in ND-PEO is always higher than that in SD-PEO irrespective of the current density ͓Fig. 7͑b͔͒. A reduction by over 25% has been achieved in SD-PEO. It occurs due to a contribution of decrease of the average anodizing voltage for a given current density.
A short distance between the electrodes is beneficial, but not always possible. When the PEO is performed with the very short electrode distance, the arc is easily induced between both the anode sample surface and grid cathode as shown in Fig. 8 . This may damage the sample surface.
IV. CONCLUSIONS
A short distance PEO has been proposed to achieve the lower energy-consumption oxidation. Our results have demonstrated that a shorter electrode distance decreases the voltage drop, and eventually lowers the energy consumption. If the distance is too small, the PEO is not possible. The novel technique using a grid cathode is employed to implement PEO with the shorter electrode distance. Both the voltage drop and the joule heat in the electrolyte are reduced. Consequently, the processing efficiency, from the viewpoint of energy consumption per unit coating volume, decreases by 25% if the electrode distance decreases from 50 mm ͑ND- 
